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1

MULTIRESOLUTION MAGNETIC
RESONANCE FINGERPRINTING SYSTEMS
AND METHODS

FIELD OF THE DISCLOSURE

The mvention generally relates to magnetic resonance
fingerprinting techniques and, more particularly, to gener-
ating quantitative tissue property maps using magnetic reso-
nance fingerprinting techniques.

BACKGROUND

The background description provided herein 1s for the
purpose of generally presenting the context of the disclo-
sure. Work of the presently named mventor, to the extent it
1s described in this background section, as well as aspects of
the description that may not otherwise qualily as prior art at
the time of filing, are neither expressly nor impliedly admut-
ted as prior art against the present disclosure.

Magnetic resonance fingerprinting (MRF) 1s an imaging
technique that yields quantitative maps of multiple tissue
properties from a single rapid acquisition. Typically, high-
resolution property maps require acquisition patterns that
collect high spatial resolution data, or a larger extent of
k-space. These acquisition patterns require more data sam-
pling time, thereby extending the scan time. However, the
individual images used for MRF contain only a fraction of
the total k-space data and, therefore, high spatial resolution
data may not need to be acquired at every time point to
enable higher resolution mapping.

There 1s a need for improved techniques for MRF imaging
that more efliciently collect k-space data.

SUMMARY OF THE INVENTION

In an aspect, the present techniques include systems and
methods for combining of low-resolution data and high-
resolution data to generate high-resolution maps with a
smaller increase 1n scan time as compared to the collection

of all high-resolution data.

In an aspect, a method for performing magnetic resonance
fingerprinting (MRF) includes: (a) obtaiming, using a mag-
netic resonance scanning device, a first scan data of a sample
at a low-resolution and of a first region 1n k-space; (b)
obtaining, using a magnetic resonance scanning device, a
second scan data of a sample at a high-resolution and of a
second region in the k-space; repeating (a) and/or (b)
according to a scanning ratio between the first scan data and
the second scan data to generate 1nterleaved low-resolution
and high-resolution scan data; and from the interleaved
low-resolution and high-resolution scan data, generating
high-resolution tissue property maps of the sample.

In an aspect, the method includes: obtaining the first scan
data of the first region in the k-space using a geometric scan
pattern scanned at the lower resolution; and obtaining the
second scan data of the second region in the k-space using
the geometric scan pattern scanned at the higher resolution.

In an aspect, the geometric scan pattern 1s selected from
the group consisting of a spiral pattern, a radial line pattern,
a rosette pattern, or a rectilinear scanning pattern.

In an aspect, the first scan data 1s obtained using a lower
undersampling factor in a central region of the first region of
the k-space and a higher undersampling factor in a periph-
eral region of the first region of the k-space.
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In an aspect, the second scan data 1s obtained using a
uniform undersampling factor over the second region of the
k-space.

In an aspect, the first scan data and/or the second scan data
has a uniform sampling density.

In an aspect, the first scan data and/or the second scan data
has a varying sampling density.

In an aspect, generating high-resolution tissue property
maps of the sample comprises generating 1, tissue property
maps and T, tissue property maps.

In an aspect, generating high-resolution tissue property
maps ol the sample comprises: performing a first fast
Fourier transtorm with zero-padding on the first scan data;
and performing a second fast Fourier transform on the
second scan data.

In an aspect, the scanming ratio between the first scan data
and the second scan data i1s 2-to-1, 3-to-1, 4-to-1, or 1-to-1.

In an aspect, the first region of the k-space 1s a subset of
the second region of the k-space.

In another aspect, a non-transitory computer-readable
storage medium storing executable instructions that, when
executed by a processor, cause a computer to: (a) obtain,
using a magnetic resonance scanning device, a first scan data
of a sample at a low-resolution and of a first region 1n
k-space; (b) obtain, using a magnetic resonance scanning
device, a second scan data of a sample at a high-resolution
and of a second region 1n the k-space; repeat (a) and/or (b)
according to a scanning ratio between the first scan data and
the second scan data to generate 1nterleaved low-resolution
and high-resolution scan data; and from the interleaved
low-resolution and high-resolution scan data, generate high-
resolution tissue property maps of the sample.

In an aspect, the computer-readable storage medium
stores executable instructions that, when executed by a
processor, cause a computer to: obtain the first scan data of
the first region 1n the k-space using a geometric scan pattern
scanned at the lower resolution; and obtain the second scan
data of the second region 1n the k-space using the geometric
scan pattern scanned at the higher resolution.

In an aspect, the geometric scan pattern 1s selected from
the group consisting of a spiral pattern, a radial line pattern,
a rosette pattern, or a rectilinear scanning pattern.

In an aspect, the computer-readable storage medium
stores executable instructions that, when executed by a
processor, cause a computer to obtain the first scan data
using a lower undersampling factor 1n a central region of the
first region of the k-space and a higher undersampling factor
in a peripheral region of the first region of the k-space.

In an aspect, the computer-readable storage medium
stores executable instructions that, when executed by a
processor, cause a computer to obtain the second scan data
using a uniform undersampling factor over the second
region of the k-space.

In an aspect, the first scan data and/or the second scan data
has a uniform sampling density.

In an aspect, the first scan data and/or the second scan data
has a varying sampling density.

In an aspect, the computer-readable storage medium
stores executable instructions that, when executed by a
processor, cause a computer to generate T, tissue property
maps and T, tissue property maps as the high-resolution
tissue property maps.

In an aspect, the computer-readable storage medium
stores executable instructions that, when executed by a
processor, cause a computer to: perform a first fast Fourier
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transform with zero-padding on the first scan data; and
perform a second fast Fourier transtform on the second scan
data.

BRIEF DESCRIPTION OF THE

DRAWINGS

The patent or application file contains at least one drawing,
executed 1n color. Copies of this patent or patent application
publication with color drawing(s) will be provided by the
Oflice upon request and payment of the necessary fee.

The figures described below depict various aspects of the
system and methods disclosed herein. It should be under-
stood that each figure depicts an embodiment of a particular
aspect of the disclosed system and methods, and that each of
the figures 1s mtended to accord with a possible embodiment
thereol. Further, wherever possible, the following descrip-
tion refers to the reference numerals 1included in the follow-
ing figures, 1n which features depicted in multiple figures are
designated with consistent reference numerals.

FIG. 1 illustrates an example multiresolution magnetic
resonance fingerprinting (MRF) processing device, 1n accor-
dance with an example herein.

FIG. 2A 1s illustrates a process for multiresolution MRF
as may be performed by the device of FIG. 1, to generate
high resolution tissue maps from capture low-resolution and
high-resolution scan data. FIG. 2B illustrates a spiral sam-
pling scheme for a particular scanning ratio between high-
resolution scans and low-resolution scans, 1n accordance
with an example. FIG. 2C are T, and T, tissue maps from a
scanned phantom, 1n accordance with an example 1mple-
mentation of the process of FIG. 2A.

FIGS. 3A and 3B are plots of measured versus nominal T,
(FIG. 3A) and T, (FIG. 3B) values (mean+standard devia-
tion) for resolution phantom property maps reconstructed
using different scanning ratios of low-resolution scan data to
high-resolution scan data, in accordance with an example.

FIG. 4 are images of multiresolution MRF results for 2x2
pixel squares of a resolution phantom, in accordance with an
example implementation of the process of FIG. 2A.

FIG. 5A presents data acquisition times for an example
MRF sequence when different scanning ratios ol low-reso-
lution scan data to high-resolution scan data are collected.
FIG. 5B presents measured full-width half max (FWHM),
T,, and T, values (reported as meantstandard deviation) for
the lower right square in each cluster of the resolution
phantom of FIG. 4, when 33% high-resolution data 1s
acquired. The bold rows 1n both tables correspond to the
images shown m FIGS. 3A, 3B, and 4.

FIGS. 6 A-6B are plots of point spread function (PSF)
cross-sections and FWHM values (in units of pixels) for a
point object phantom, in accordance with an example.
Simulations were performed for pulse sequences with 0%,
33%, 50%, and 100% of the MRF time points sampled using
the high-resolution spiral. Results are shown for simulations
on-resonance FIG. 6A, 50 Hz ofi-resonance FIG. 6B, and
150 Hz off-resonance FIG. 6C.

FIG. 7 illustrates an example MRF system which may
include the MRF processing device of FIG. 1 and 1n which
the techniques of FIG. 2A may be implemented, 1n accor-
dance with an example.

DETAILED DESCRIPTION

The present techniques provide methods and systems for
performing magnetic resonance fingerprinting (MRFEF) by
collecting a combination of low-resolution data and high-
resolution data to yield high-resolution tissue property maps
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with a much shorter acquisition time than when collecting
all high-resolution data. Different collection patterns and
timing between low-resolution data collection and high-
resolution data collection vyields accurate property value
determinations with minimal resolution loss.

In some examples, the methods and systems herein, for
example, obtain, using a magnetic resonance scanning
device, first scan data of a sample at a low-resolution and of
a first region 1n k-space and obtain second scan data of a
sample at a high-resolution and of a second region in the
k-space. These patterns of the scan data collection can be
selected to optimize between acquisition time and scan
quality. The low-resolution and high-resolution scans may
be repeated according to a scanning ratio to generate inter-
leaved low-resolution and high-resolution scan data. From
that interleaved low-resolution and high-resolution scan
data, high-resolution tissue property maps of the sample are
thus generated.

In FIG. 1, a MRF processing device 100 1s provided for
analyzing MR 1mages, and includes one or more logic
modules 102, 104, 106, 108, and/or 110, and that represents
an 1mplementation of the MRF acquisition system 102.
Depending on the implementation, the logic modules 102,
104, 106, 108, and/or 110 may be implemented in the MRF
processing device 100 as hardware, software, firmware, or
some combination of such. MRF processing device 100
simultaneously quantifies MR parameters including T, T,
and proton density for an object to which the MRF process-
ing device 100 applies an MRF pulse sequence. In one
embodiment, MRF processing device 100 provides an MR
image that facilitates i1dentifying certain tissues based on
their relative hypo-intense or hyper-intense appearance on
an MR 1mage (e.g., T, weighted image, T, weighted image).

MRF processing device 100 includes an MR logic module
102. The MR logic module 102 repetitively and variably
samples an object in a (k, t, E) space to acquire a set of MR
signals that may have non-constant amplitude and/or phase.
For the (k, t, E) space, the k may be a point in k-space
representing a spatial frequency of an MR image. In some
implementations, the MR logic 102 may determine the value
of k based on a Fourier Transform (FT) of the MR 1mage.
The tin the (k, t, E) space represents time, and the E
represents one or more MR parameters for the MR 1image in
question. Members of the set of MR signals are associated
with different points 1n the (k, t, E) space. In diflerent
examples, the diflerent points are sampled according to a
plan where t and/or E varies non-linearly and/or in a
non-constant manner.

The MR logic module 102 may sample the object using an
MR pulse sequence containing at least one variable
sequence block. Each sequence block contains an excitation
phase, a readout phase, and a waiting phase, and the duration
of the sequence block is referred to as the repetition time
(IR). The excitation phase applies radiofrequency (RF)
energy to a volume of one or more resonant species. The
readout phase samples the signal resulting from the excita-
tion phase simultaneously for all resonant species. The
waiting phase 1s a pause before the beginning of the next
sequence blocks. The MR logic module 102 includes low-
resolution scanning logic 103 and a high-resolution scanning
logic 105, each of which may be configured to employ a
different resolution and sampling patterns during the readout
phases of the pulse sequence block, in accordance with the
processes and methods herein. In some implementations, the
signal from resonant species 1s acquired using a variable
density spiral-out trajectory. In further implementations, one
signal may be more attuned with either of the T, tissue map
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or the T, tissue map. For example, the signal may be more
T, -weighted and the echo signal may be more T,-weighted.
In still further implementations, the MR logic module 102
may insert a mono-polar diffusion gradient in the excitation
and readout phases. Inserting the mono-polar diffusion gra-
dient may 1increase the diffusion sensitivity of the pulse
sequence. In some examples, the MR logic module 102 may
acquire the signal with sequence blocks of varying RF
excitation energy, varying repetition times, varying waiting
times, varying diffusion gradient moments, and varying
readout parameters. Readout parameters include the sam-
pling pattern, sampling density, and extent of k-space cov-
ered. (Examples of pulse sequences include steady state free
precession and balanced steady state free precession).

In an example, the low-resolution scanning logic 103 and
the high-resolution scanning logic 105 are configured to
obtain a first scan data of a sample at a low-resolution and
of a first region 1n k-space and a second scan data of a
sample at a high-resolution and of a second region in the
k-space, respectively. In examples, the MR logic 102 1s
turther configured to repeat these low-resolution and high-
resolution according to a scanning ratio between the first
scan data and the second scan data, generating interleaved
low-resolution and high-resolution scan data. From there,
and as further discussed 1n examples below, a quantitative
mapping logic 108 generates, from the interleaved low-
resolution and high-resolution scan data, high-resolution
tissue property maps ol the sample.

In the illustrated example, the MRF processing device
100 also includes a signal logic module 104. Signal logic
module 104 produces an MR signal evolution from the
acquired MR signals from the MR logic 102. The signal
evolution may include a number of MR signals (both
low-resolution and high-resolution scan data) acquired over
a period of time. The set of MR signals may include
transient-state signals associated with the MRF pulse
sequence, a free mnduction decay signal, and a spin echo
signal. The comparison logic module 106 compares refer-
ence miformation with the produced MR signal evolution or
information associated with the produced MR signal evo-
lution, for both the low-resolution and high-resolution scan
data. In some implementations, the comparison logic mod-
ule 106 determines whether a match exists between signals
included 1n the reference information and at least one of the
produced MR signal evolution or information associated
with the produced MR signal evolution based on whether the
comparison logic module 106 determines there to be an
exact match. In other implementations, an exact match 1s not
necessary, and the comparison logic module 106 may deter-
mine that there exists a match where signals are similar.
Depending on the implementation, a match may be the
signal that most closely matches another signal and/or the
first signal that matches another signal to within a threshold.
A match may be found by template matching, pattern
matching, or other comparison approaches. The reference
information may be, for example, a previously acquired
signal evolution, a simulated signal evolution, an item
derived from a signal evolution other than the produced MR
signal evolution, and/or any other similar information. The
reference mformation may include signal evolutions from
different tissue types (e.g., healthy, diseased, advanced dis-
case, etc.). Further this reference information may be cap-
tured at a low-resolution or a high-resolution or some
combination thereof.

To generate MRF tissue maps, the MRF processing device
100 also 1includes the quantitative mapping logic module 108
configured to generate, from the interleaved low-resolution
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and high-resolution scan data captured at MR logic 102,
high-resolution tissue property maps of the sample, 1n accor-
dance with techniques herein. The quantitative mapping
logic module 108 may produce one or more quantitative
maps ol tissue properties associated with the object being
scanned, for example, quantitative maps for T,, T,, proton
density, and diffusion, based at least 1n part on the stored
signal evolution that matches the MR signal evolution. The
MR parameters may be retrieved from a data store that links
stored MR parameters to the reference iformation. Quan-
titative mapping logic module 108 may also display the
quantitative maps or cause the quantitative maps to be
displayed. In some examples, multiple tissue property maps
are generated simultaneously by the module 108.

FIG. 2A illustrates an example method 200 to generate
high-resolution property maps, 1n an example. A sample 1s
scanned using a MRF device, and the MR logic 102 captures
high-resolution scan data 202 and low-resolution scan data
204 using different scanning parameters. The scan data 202
and 204 may be captured at a uniform sampling density or
at a varying sampling density. In some examples, the first
scan data 204 1s obtained over a first region 1n k-space using,
a geometric scan pattern scanned at a lower resolution. As
used herein a “lower resolution™ or “lower spatial resolu-
tion” refers to spatial frequencies corresponding to pixels of
1.5 mmx1.5 mm or larger. Similarly, the scan data 202 1s
obtained of a second region 1n the k-space using the geo-
metric scan pattern scanned at a higher resolution. As used
herein a “higher resolution™ or “higher spatial resolution”™
refers to spatial frequencies corresponding to pixels less than
1.5 mmx1.5 mm or smaller, for example 1 mmx1 mm or
smaller. As times, references may be made to “approxi-
mately”, as in approximately 1.5 mmx1.5 mm , and such
references are intended to include +10%/-10%.

The scan patterns shown 1n FI1G. 2A for each data 202/204
are spiral patterns. Any suitable scan pattern may be used to
collectively scan the entire sample or a substantial portion
thereof. Example geometric scan patterns for the scan data
202 and 204 include spiral pattern, a radial line pattern, a
rosette pattern, or a rectilinear scanning pattern. In some
examples, the MR logic 102 1s configured to obtain the scan
data 204 using a lower undersampling factor 1n a central
region of the first region of the k-space and a higher
undersampling factor in a peripheral region of the first
region of the k-space. For example, this may be performed
by the low-resolution scanning logic 103. Similarly, the MR
logic 102 1s configured to obtain the scan data 202 using a
uniform undersampling factor over the second region of the
k-space, for example, using the high-resolution scannming
logic 105. These scan data 202 and 204 are collected
according to a scanning ratio. The undersampling factor, that
1s, the ratio of the number of data points required for a fully
sampled acquisition according to the Nyquist sampling
theorem, to the number of data points acquired in the
undersampled acqmsr[lon can be defined globally for a
MRF scan or, in the case of variable density spirals, the
undersampling factor may be defined locally. In some
examples, the lower-resolution scan data 1s captured over a
first region of the k-space that 1s a subset of the second
region of the k-space captured at the higher-resolution. In
some examples, including that shown i FIG. 2A, the
lower-resolution scanned region of the k-space 1s smaller
than the higher-resolution scanned region of the k-space, and
the two regions are different. In the illustrated example, each
region 1s scanned using a spiral pattern, but the two spiral
patterns are slightly offset. The first region comprises dif-
ferent locations 1n the k-space from the second region.
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FIG. 2B illustrates an example sampling scheme for
capturing 33% high-resolution data 202 and 67% low-

resolution data 204 (or a 2-to-1 low-to-high scanning ratio),
where spiral 1 1s the low-resolution spiral and spiral 2 is the
high-resolution spiral. Any number of scanning ratios
between the low-resolution and the high-resolution scan data
may be obtained. Example scanning ratios between the
between the first scan data and the second scan data 1s 2-to-1,
3-to-1, 4-to-1, or 1-to-1. FIG. 2C 1llustrates example T, Map
and T, map of a resolution phantom sample scanned using
the process 200. Each cluster included 4 squares with
different T, and T, values, and ranged 1n size from 1x1 to
6x6 pixels. The white arrow denotes the 2x2 pixel cluster
used 1n FIGS. 3A, 3B, 4, and 5.

In the example of FIG. 2A, the high-resolution scan data
202 and the low-resolution scan data 204 obtained by the
MR logic 102 are provided to the quantitative mapping logic
108 for analysis (the processing of the signal logic 104 and
comparison logic 106 are not shown in this example). In the
logic 108 a non-uniform fast Fournier transform (NUFFT)
206 was applied to the spiral scan data 202 to grid the spiral
k-space data to yield a time series of undersampled 1mages
208. The low-resolution spiral scan data 204 was provided
to another non-uniform fast Fourier transform (NUFFT)
with zero-padding (210) 1n k-space to yield a matrix size of
300x300 to match that of the high-resolution data. In an
example, for each pulse sequence, a dictionary with 4,966
atoms may be calculated for T, values and for T, values. The
logic 108 generates the resulting T, and T, maps using a
low-rank reconstruction 212 followed by inner product
matching with the dictionary. The low-rank reconstruction
process ol 212 may be an iterative 1image reconstruction
process. There 1s a low-rank constraint that enforces the data
1s represented by a small number of wavelet coetlicients.
This low-rank constraint can be adjusted to tune between
data accuracy and noise/artifact suppression, improving the
image quality despite noise and artifacts present in the
original data. The low-rank reconstruction 212 1s an optional
reconstruction process and can be replaced with other tech-
niques or eliminated.

While comparison logic module 106 and quantitative
logic module 108 are illustrated as being part of MRF
processing device 100, 1n some examples, the comparison
logic module 106 and quantitative mapping logic module
108 may reside 1n an apparatus separate from the MRF
processing device 100. In such examples, MRF processing,
device 100 may provide MR signals to the separate appa-
ratus housing comparison logic module 106 or quantitative
mapping logic module 108. In further examples, comparison
logic module 106 and/or quantitative mapping logic module
108 may reside 1n separate apparatuses.

While shown as separate logic modules 102-108, each of
which may be implemented in hardware having one or more
processors and memory, 1n some examples, the MRF pro-
cessing device 100 1s implemented having one or more
processors 110 that may implement the operation of the
logic modules 102-108. Further the processing device 100
may have a computer-readable memory 112 having mnstruc-
tions that may be executed by the one or more processors
112 and/or logic modules 102-108 to perform the methods
and processes described herein.

Example

In an example implementation of the device 100, we
applied the multiresolution process 200 to a two-dimen-
sional (2D) fast imaging with steady-state precession (FISP)
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MRF sequence with 1000 repetition times (I'Rs) and an
initial adiabatic inversion. The process 200 was configured
to capture two 48-arm spirals with FOV=300 mm: (1) a
lower resolution variable density spiral (scan data 204) with
an undersampling factor of 24 1n the central 25% of k-space
and an undersampling factor of 48 at the periphery of
k-space, matrix size 192x192, resolution 1.6x1.6 mm”>,
readout duration 2.9 ms, and minimum TR 5.4 ms; and (2)
a higher resolution uniform density spiral (scan data 202)

with an undersampling factor of 48, matrix size 300x300,
resolution 1.0x1.0 mm?, readout duration 5.6 ms, and mini-
mum TR 8.1 ms. During the MRF acquisition, the low- and
high-resolution spirals were interleaved, and the number of
higher resolution spirals varied to assess the eflect on 1image
resolution. FIG. 2B shows the sample scheme used, where
33% of the MRF 1mages (i.e., every third TR) are collected
using the high-resolution spiral, and the remaining 1mages

are captured using the low-resolution spiral. As illustrated 1n
FIG. 2A, a non-uniform fast Fourier transform (NUFFT)
was used to grid the spiral k-space data to yield a time series
of undersampled 1mages. The low-resolution spiral data
were zero-padded i k-space to yield a matrix size of
300x300 to match that of the high-resolution data. For each
pulse sequence, a dictionary with 4,966 atoms was calcu-
lated for T, values [10:10:90, 100:20:1000, 1040:40:2000,
2050:50:3000] and T, values [2:2:8, 10:5:100, 110:10:300,
350:50:1100], where these expressions are represented 1n the
form of [min:step size:max, . . . |, concatenating multiple
number series. The resulting T, and T, maps were generated
using a low-rank reconstruction followed by 1nner product
matching with the dictionary.

In this example, we evaluated two simulation experi-
ments. In a first simulation, a resolution phantom was
generated as shown 1 FIG. 2C with a matrnix size of
300x300. The phantom contained six clusters of four equal-
s1ized squares with widths ranging from one to six pixels,
cach with different T, and T, values; the surrounding pixels
were set to T,=250 ms, T, 68 ms. S1x different acquisition
schemes were sunulated Where a different fraction of MRF
time points were sampled using the high-resolution spiral
(100%, 350%, 33%, 25%, 20%, and 0%). All acquisitions
employed 1000 TRs; however, the total scan times varied
due to the differences 1n spiral readout duration. Maps were
assessed by measuring the mean T, and T, values from each
square 1n the 2x2 square cluster and the 10x10 pixel
surrounding background. For the 33% mixed-resolution
sequence, the T, and T, values and full-width at hali-
maximum (FWHM) were measured for one square of each
s1ze cluster to quantily spatial blurring. In a second simu-
lation, to assess the sensitivity to o, -resonance blurring, a
FWHM of the point spread function (PSF) for all six
acquisition schemes was calculated from the sum of the
undersampled MRF images over time using a point object
phantom (assuming infinite relaxation times) for o,reso-
nance values of 0 Hz, 50 Hz, and 150 Hz.

The simulation results are shown 1n FIGS. 3-5. As shown
in the comparison data of FIG. SA, high-resolution 1.0x1.0
mm* MRF maps can be collected in 22% less time (6.3
seconds) using the proposed mixed-resolution spiral sam-
pling compared to a conventional high-resolution spiral
trajectory (8.1 seconds). For example, acquiring at least 33%
of the data at high-resolution yields accurate T, and T,
measurements and minimal blurrng in small objects, as
shown 1 FIGS. 3, 4, and 5(B). Acquiring less than 33%
high-resolution data results 1n decreased T, values, as shown
in FIG. 3A.
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High-resolution spirals with longer durations may cause
image blurring 1n the presence ot o,resonance. FIGS.
6A-6C show the poimnt spread function (PSF) for low-
resolution, high-resolution, and mixed-resolution acquisi-
tions at various o0 g-resonance frequencies. For o4-resonance
frequencies close to 0 Hz, the 33% mixed-resolution acqui-
sition provides improved spatial resolution (FWHM=1.57
pixels) compared to the low-resolution acquisition
(FWHM=2.27 pixels). At larger o, resonance frequencies
near 150 Hz, the o resonance blurring dominates over the
gain in nominal spatial resolution; the FWHMSs of all scans
using the high-resolution acquisition are larger than that of
the low-resolution acquisition.

FIG. 4 1llustrates 2x2 pixel square images of the resolu-
tion phantom, 1n this example implementation of the mul-
tiresolution MRF technique 200. The first column shows the
ground truth T, and T, maps. The second column shows the
results of acquiring low-resolution data and simply zero-
padding the images, resulting in significant blurring. The
third column shows the results of acquiring 33% of the data
with the high-resolution spiral trajectory, 1n an application of
the present techniques. The fourth column shows the result
of acquiring 50% of the data with the high-resolution spiral
trajectory, 1 an application of the present techmques. The
tourth column shows the result of acquiring all data with the
high-resolution spiral.

Referring next to FIG. 7, MRF system 300 1s an example
MR system configured with a fingerprinting apparatus 399
to facilitate MR fingerprinting, and as may be implemented
as the multiresolution MRF device 100. Depending on the
implementation, the fingerprinting apparatus 399 1s and/or
includes elements of MRF processing device 100 as
described with regard to FIG. 1. In further implementations,
the fingerprinting apparatus 399 performs example methods
such as example method 200 as described above. While
fingerprinting apparatus 399 is illustrated as part of MRF
system 300 in one example, fingerprinting apparatus 399
may be a separate apparatus or apparatuses.

The system 300 includes one or more field magnets 310
and a field magnet supply 320. In some implementations, the
field magnets 310 produce a uniform B, field—i.¢. the main
static magnetic field of the MRF system 300. However, 1n
other implementations, the B, field 1s not uniform. In such
implementations, the magnetic field instead varies over an
object that the MRF system 300 analyzes. MRF system 300
turther includes gradient coils 330 configured to emit gra-
dient magnetic fields. The gradient coils 330 may be con-
trolled, at least in part, by a gradient coil supply 340. In some
implementations, the timing, strength, and orientation of the
gradient magnetic fields may be controlled, and thus selec-
tively adapted, during an MR procedure. As described
above, the gradient coils 330 may commonly correlate
signals with each other. As such, 1n some implementations,
the system 300 may mistake noise from multiple coils as
being an actual signal, resulting in skewed denoising. In
such implementations, to counter such correlation, the sys-
tem 300 performs a decorrelation procedure belore perform-
ing the techniques described 1n FIGS. 2-5. The decorrelation
procedure may be a pre-whitening procedure, an extraction
procedure, or any other similar procedure as known 1n the
art.

In some implementations, MRF system 300 includes a set
of RF antennas 3350 that generate RF pulses and receive
resulting MR signals from an object that the MRF system
300 scans—i.e. the object to which the RF antennas 350
direct the RF pulses. That 1s the RF antennas 350 are
controlled to direct the RF pulses in accordance with the
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low-resolution and high-resolution scanning described
heremn. In further implementations, the MRF system 300
controls how the pulses are generated and how the resulting
MR signals (e.g., the low-resolution scan data and the
high-resolution scan data) are received. As such, the MRF
system 300 may selectively adapt both operations during an
MR procedure. In some implementations, the RF antennas
350 employs separate RF transmission and reception coils.
Similarly, the RF antennas 350 may be controlled at least 1n
part by a set of RF transmission umts 360.

In some implementations, a control computer 370 con-
trols some or all of the field magnet supply 320, the gradient
coils supply 340, and/or the RF transmission units 360, for
example to aflect the multiresolution processes and methods
herein. In further implementations, the control computer 370
1s Turther programmed to control an MR device such as MRF
processing device 100. In other implementations, control
computer 370 1s or includes elements of MRF processing
device 100. Conventionally, the MRF system 300 employs
the MR signals received from the RF antennas 350 to
generate an MRF i1mage, and thus may be subject to a
transformation process. In some implementations, the trans-
formation process 1s or 1s akin to a two dimensional fast
Fourier transform (FFT) that generates pixilated image data
on each of the low-resolution and high-resolution scan data.
Depending on the implementation an 1mage computer 380
may perform the transformation. In other implementations,
another, similar processing device performs the 1image trans-
formation. Depending on the implementation, the display
390 may then display the image data or the resulting high
resolution tissue maps. In some 1mplementations, the dis-
play 390 may display some or all of the plots described with
regard to FIGS. 2-6 above. For example, the display 390
may display any of the images, plots, etc. from FIGS. 2-6.

Fingerprinting apparatus 399 {facilitates the unconven-
tional techniques for MR 1mage reconstruction and denois-
ing as described herein. Further, the fingerprinting apparatus
399 facilitates the construction of images from MR signals
received from the RF antennas 350, such as T, and T, tissue
maps. As such, the RF energy applied to an object by system
300 need not be constrained to produce signals with sub-
stantially constant amplitudes or phases. Instead, finger-
printing apparatus 399 facilitates matching received signals
to known signals for which a reconstruction parameter,
relaxation parameter, or other information 1s already avail-

able.

While FIG. 7 1llustrates an example MRF system 300 that
includes various components connected 1n various ways,
one skilled 1n the art will appreciate that other MR systems
may include other components connected 1n other ways.

In the foregoing specification, specific examples have
been described. However, one of ordinary skill in the art
appreciates that various modifications and changes can be
made without departing from the scope of the imvention as
set forth 1n the claims below. Accordingly, the specification
and figures are to be regarded 1n an illustrative rather than a
restrictive sense, and all such modifications are intended to
be included within the scope of present teachings. Addition-
ally, the described embodiments/examples/implementations
should not be mterpreted as mutually exclusive, and should
instead be understood as potentially combinable 1f such
combinations are permissive 1n any way. In other words, any
feature disclosed in any of the alorementioned embodi-
ments/examples/implementations may be included 1n any of
the other aforementioned embodiments/examples/imple-
mentations.
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The benefits, advantages, solutions to problems, and any
clement(s) that may cause any benefit, advantage, or solu-
tion to occur or become more pronounced are not to be
construed as a critical, required, or essential features or
clements of any or all the claims. The invention 1s defined
solely by the appended claims including any amendments
made during the pendency of this application and all equiva-
lents of those claims as 1ssued.

Moreover, 1n this document, relational terms such as first
and second, top and bottom, and the like may be used solely
to distinguish one entity or action from another entity or
action without necessarily requiring or implying any actual
such relationship or order between such entities or actions.
The terms “‘comprises,” “comprising,” “has”, “having,”
“includes™, “including,” “‘contains™, “containing” or any
other variation thereof, are intended to cover a non-exclusive
inclusion, such that a process, method, article, or apparatus
that comprises, has, includes, contains a list of elements does
not include only those elements but may include other
clements not expressly listed or mherent to such process,
method, article, or apparatus. An element proceeded by
“comprises . . . a’, “has . . . a”, “includes . . . a”,
“contains . . . a” does not, without more constraints, preclude
the existence of additional identical elements in the process,
method, article, or apparatus that comprises, has, includes,
contains the element. The terms “a” and “an” are defined as
one or more unless explicitly stated otherwise herein. The
terms “‘substantially”, “essentially”, “approximately”,
“about” or any other version thereot, are defined as being
close to as understood by one of ordinary skill 1n the art, and
in one non-limiting embodiment the term 1s defined to be
within 10%, 1n another embodiment within 5%, 1n another
embodiment within 1% and 1n another embodiment within
0.5%. The term “coupled” as used herein 1s defined as
connected, although not necessarily directly and not neces-
sarilly mechanically. A device or structure that 1s “config-
ured” 1n a certain way 1s configured 1n at least that way, but
may also be configured 1n ways that are not listed.

It will be appreciated that some examples may be com-
prised ol one or more generic or specialized processors (or
“processing devices”) such as microprocessors, digital sig-
nal processors, customized processors and field program-
mable gate arrays (FPGAs) and unique stored program
instructions (including both software and firmware) that
control the one or more processors to implement, 1 con-
junction with certain non-processor circuits, some, most, or
all of the functions of the method and/or apparatus described
herein. Alternatively, some or all functions could be 1mple-
mented by a state machine that has no stored program
instructions, or in one or more application specific integrated
circuits (ASICs), 1n which each function or some combina-
tions of certain of the functions are implemented as custom
logic. Of course, a combination of the two approaches could
be used.

Moreover, an embodiment can be implemented as a
computer-readable storage medium having computer read-
able code stored thereon for programming a computer (e.g.,
comprising a processor) to perform a method as described
and claimed herein. Examples of such computer-readable
storage mediums include, but are not limited to, a hard disk,
a CD-ROM, an optical storage device, a magnetic storage
device, a ROM (Read Only Memory), a PROM (Program-
mable Read Only Memory), an EPROM (Erasable Program-
mable Read Only Memory), an EEPROM (Electrically
Erasable Programmable Read Only Memory) and a Flash
memory. Further, it 1s expected that one of ordinary skall,
notwithstanding possibly significant effort and many design
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choices motivated by, for example, available time, current
technology, and economic considerations, when guided by
the concepts and principles disclosed herein will be readily
capable of generating such software instructions and pro-
grams and ICs with minimal experimentation.

The Abstract of the Disclosure 1s provided to allow the
reader to quickly ascertain the nature of the technical dis-
closure. It 1s submitted with the understanding that it will not
be used to iterpret or limit the scope or meaning of the
claims. In addition, 1n the foregoing Detailed Description, 1t
can be seen that various features are grouped together in
various examples for the purpose of streamlining the dis-
closure. This method of disclosure 1s not to be interpreted as
reflecting an intention that the claimed examples require
more features than are expressly recited in each claim.
Rather, as the following claims reflect, inventive subject
matter lies 1 less than all features of a single disclosed
embodiment. Thus the following claims are hereby incor-
porated into the Detailed Description, with each claim
standing on 1ts own as a separately claimed subject matter.

Moreover, the patent claims at the end of this patent
application are not intended to be construed under 35 U.S.C.
§ 112(1) unless traditional means-plus-function language 1s
expressly recited, such as “means for” or “step for” language
being explicitly recited in the claim(s). The systems and
methods described herein are directed to an improvement to
computer functionality, and improve the functioning of
conventional computers.

What 1s claimed:

1. A method for performing magnetic resonance finger-
printing (MRF), the method comprising:

(a) obtaining, using a magnetic resonance scanning
device, a first scan data of a sample at a low-resolution
and of a first region in k-space;

(b) obtaiming, using a magnetic resonance scanning
device, a second scan data of a sample at a high-
resolution and of a second region 1n the k-space;

repeating (a) and/or (b) according to a scanning ratio
between the first scan data and the second scan data to
generate 1nterleaved low-resolution and high-resolu-
tion scan data; and

from the interleaved low-resolution and high-resolution
scan data, generating high-resolution tissue property
maps of the sample.

2. The method of claim 1, for performing magnetic

resonance fingerprinting (MRF), the method comprising:
obtaining the first scan data of the first region in the
k-space using a geometric scan pattern scanned at the
lower resolution; and

obtaining the second scan data of the second region in the
k-space using the geometric scan pattern scanned at the
higher resolution.

3. The method of claim 2, wherein the geometric scan
pattern 1s selected from the group consisting of a spiral
pattern, a radial line pattern, a rosette pattern, or a rectilinear
scanning pattern.

4. The method of claim 3, wherein the first scan data 1s
obtained using a lower undersampling factor 1n a central
region ol the first region of the k-space and a higher
undersampling factor in a peripheral region of the first
region ol the k-space.

5. The method of claim 3, wherein the second scan data
1s obtained using a uniform undersampling factor over the
second region of the k-space.

6. The method of claim 1, wherein the first scan data
and/or the second scan data has a uniform sampling density.
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7. The method of claim 1, wherein the first scan data
and/or the second scan data has a varying sampling density.

8. The method of claim 1, wherein generating high-
resolution tissue property maps of the sample comprises
generating T, tissue property maps and T, tissue property
maps.

9. The method of claim 1, wherein generating high-
resolution tissue property maps of the sample comprises:

performing a first fast Fourier transform with zero-pad-
ding on the first scan data; and

performing a second fast Fourier transform on the second
scan data.

10. The method of claim 1, wherein the scanning ratio

between the first scan data and the second scan data 1s 2-to-1.

11. The method of claam 1, wherein the scanning ratio
between the first scan data and the second scan data 1s 3-to-1.

12. The method of claim 1, wherein the scanning ratio
between the first scan data and the second scan data 1s 4-to-1.

13. The method of claim 1, wherein the scanning ratio
between the first scan data and the second scan data 1s 1-to-1.

14. The method of claim 1, wherein the first region of the
k-space 1s a subset of the second region of the k-space.

15. The method of claim 1, wherein the first region of the
k-space 1s a smaller than the second region of the k-space,
and the first region comprises diflerent locations in the
k-space than the second region.

16. A non-transitory computer-readable storage medium
storing executable instructions that, when executed by a
processor, cause a computer to:

(a) obtain, using a magnetic resonance scanning device, a
first scan data of a sample at a low-resolution and of a
first region 1n k-space;

(b) obtain, using a magnetic resonance scanning device, a

second scan data of a sample at a high-resolution and
of a second region in the k-space;

repeat (a) and/or (b) according to a scanning ratio between
the first scan data and the second scan data to generate
interleaved low-resolution and high-resolution scan
data; and

from the iterleaved low-resolution and high-resolution
scan data, generate high-resolution tissue property
maps of the sample.
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17. The computer-readable storage medium of claim 16
storing executable instructions that, when executed by a
processor, cause a computer to:

obtain the first scan data of the first region in the k-space

using a geometric scan pattern scanned at the lower
resolution; and

obtain the second scan data of the second region 1n the

k-space using the geometric scan pattern scanned at the
higher resolution.

18. The computer-readable storage medium of claim 17,
wherein the geometric scan pattern 1s selected from the
group consisting of a spiral pattern, a radial line pattern, a
rosette pattern, or a rectilinear scanning pattern.

19. The computer-readable storage medium of claim 18,
storing executable instructions that, when executed by a
processor, cause a computer to:

obtain the first scan data using a lower undersampling

factor 1n a central region of the first region of the
k-space and a higher undersampling factor 1n a periph-
eral region of the first region of the k-space.

20. The computer-readable storage medium of claim 18,
storing executable instructions that, when executed by a
processor, cause a computer to:

obtain the second scan data using a uniform undersam-

pling factor over the second region of the k-space.

21. The computer-readable storage medium of claim 16,
wherein the first scan data and/or the second scan data has
a uniform sampling density.

22. The computer-readable storage medium of claim 16,
wherein the first scan data and/or the second scan data has
a varying sampling density.

23. The computer-readable storage medium of claim 16,
storing executable instructions that, when executed by a
processor, cause a computer to generate T, tissue property
maps and T, tissue property maps as the high-resolution
tissue property maps.

24. The computer-readable storage medium of claim 16,
storing executable instructions that, when executed by a
processor, cause a computer to:

perform a first fast Fourier transform with zero-padding

on the first scan data; and

perform a second fast Fourier transform on the second

scan data.
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